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Abstract: The objective of this study was to investigate the anticancer efficacy of 

dimercaptosuccinic acid-modified iron oxide magnetic nanoparticles coloaded with anti-CD22 

antibodies and doxorubicin (anti-CD22-MNPs-DOX) on non-Hodgkin’s lymphoma cells. The 

physical properties of anti-CD22-MNPs-DOX were studied and its antitumor effect on Raji 

cells in vitro was evaluated using the Cell Counting Kit-8 assay. Furthermore, cell apoptosis 

and intracellular accumulation of doxorubicin were determined by flow cytometry. The results 

revealed that anti-CD22-MNPs-DOX inhibited the proliferation of Raji cells, significantly 

increased the uptake of doxorubicin, and induced apoptosis. Therefore, it was concluded that a 

coloaded antibody and chemo therapeutic drug with magnetic nanoparticles might be an efficient 

targeted treatment strategy for non-Hodgkin’s lymphoma.

Keywords: doxorubicin, anti-CD22 antibody, drug delivery system, target selection, non- 

Hodgkin lymphoma

Introduction
Malignant lymphoma, originating from lymphocyte ontogenesis and classified by 

pathologies and clinical characteristics, includes Hodgkin’s lymphoma and non-

Hodgkin’s lymphoma (NHL), with the latter accounting for approximately 90% of 

all lymphomas.1–3 Cancer statistics from the American Cancer Society for 2015 have 

shown that the incidence of NHL ranks fifth as the most common cancer in humans 

and accounts for 3.5% of all cancer-related deaths.4 In particular, NHL (including 

Burkitt lymphoma) is the fourth most common type of cancer in children,5 and the total 

5-year relative survival rate was 84% from 2004 to 2010. Nevertheless, nearly 20% of 

patients still relapse within a year from diagnosis and go on to have a poor prognosis.6 

Owing to hematopoietic stem cell transplantation, treatment of refractory lymphoma 

has been greatly improved over the last few decades;7 however, chemotherapy still 

prevails in lymphoma treatment, despite serious side effects, such as vomiting, bone 

marrow supression, and fatal infections. Thus, new therapeutic strategies with less 

toxicity and more efficiency are urgently needed for NHL.

Molecular targeted therapy has recently emerged as one of the most efficient 

antitumor therapies, and includes rituximab and dasatinib. which are used in the 

treatment of CD20-positive NHL8,9 and Ph chromosome-positive chronic myeloid 

leukemia,10,11 respectively. As we know, the majority of NHLs originally express 

B-lineage cell antigens, including CD19, CD20, and CD22.12 Rituximab, a human-

ized monoclonal anti-CD20 antibody combined with the CHOP (cyclophosphamide, 

vincristine, doxorubicin, and prednisone) regimen, has not only improved overall and 
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complete response rates, but also prolonged progression-free 

and overall survival rates in patients with CD20-positive 

NHL.13 However, some patients undergoing treatment with 

anti-CD20 antibodies previously still went relapse and 

revealed less sensitivity to subsequent chemotherapy, lead-

ing to a tough problem for further chemotherapeutic treat-

ment.14 Expressed on the majority of normal and malignant 

B-lineage cells, CD22 has attracted much interest because of 

its receptor-mediated internalization. Humanized anti-CD22 

antibodies were developed to minimize immunogenicity and 

enhance the interactions of effects during diagnosis and treat-

ment systemic lupus erythematosus.15 Preclinical tests with 

anti-CD22 antibodies indicated that a single, conjugated, or 

radiolabelled agent had antitumor activity in patients with 

recurrent and refractory NHL.16,17 Importantly, it has been 

reported that anti-CD22 antibodies are well tolerated and 

have good therapeutic effects when used in combination 

with other agents. Therefore, there has been great interest in 

identifying and developing novel anti-CD22 drugs.

In recent decades, nanoparticles have been widely 

explored as drug carriers to minimize systemic side effects 

and to maximize the efficacy of chemotherapy. Owing to their 

nanometer diameter, stable physical properties, lack of cyto-

toxicity, and ability to enhance drug accumulation in cells, 

various types of nanomaterials, including magnetic nanopar-

ticles (MNPs), liposomes, polymers, and microbubbles, have 

been investigated in depth for medical application.18–20 One of 

the popular MNP drug delivery systems, Fe
3
O

4
 nanoparticles, 

exhibit a high drug-loading ratio and fewer dose-related 

side effects, and remain in the circulatory system for longer 

without being taken up by the reticuloendothelial system, 

making them excellent candidates for targeted drug delivery, 

as demonstrated by our previous studies showing that Fe
3
O

4
 

nanoparticles loaded with chemotherapeutic drugs have 

enhanced targeted efficiency against cancer cells.21,22

In this work, we designed a novel and effective strategy for 

synthesizing a pH-dependent nanodrug delivery system, ie, 

doxorubicin-loaded anti-CD22-labelled MNPs (anti-CD22-

MNPs-DOX), to enhance lymphoma targeting and cytotoxic-

ity enhance lymphoma targeting and cytotoxicity in NHL. To 

our knowledge, no research on anti-CD22 antibodies linked 

to magnetic particles has been reported so far. Moreover, we 

applied the Fe2+-DOX complex in a pH-dependent manner 

to improve drug release in tumor cells. Understanding the 

mechanism of action of anti-CD22-MNPs-DOX will help us 

design better anticancer drugs. Thus, the cell inhibition rate, 

intracellular concentration of doxorubicin, and apoptotic rate 

in NHL cells were assessed in vitro to estimate the efficiency 

of transport of doxorubicin into these cells. To our knowledge, 

there have been no reports of anti-CD22 antibodies being 

successfully attached to MNPs and doxorubicin.

Materials and methods
Main chemicals
Dimercaptosuccinic acid (DMSA)-modified MNPs were 

obtained from the Jiangsu Key Laboratory for Biomateri-

als and Devices (Southeast University, Nanjing, People’s 

Republic of China). Roswell Park Memorial Institute 1640 

medium containing 10% (v/v) heart-inactivated fetal calf 

serum for cell culture was purchased from Gibco (Omaha, 

NE, USA). Doxorubicin was purchased from Zhejiang 

Haizheng Pharmaceutical Co Ltd (Zhejiang Province, Peo-

ple’s Republic of China). Cell Counting Kit-8 (CCK-8) was 

purchased from Donjindo Laboratories (Tokyo, Japan). The 

apoptosis detection kit and 4′,6-diamidino-2-phenylindole 

(DAPI) were obtained from KeyGen Biotech Co Ltd 

(Nanjing, People’s Republic of China), and the anti-CD22 

antibody was supplied by Santa Cruz Biotechnology (Santa 

Cruz, CA, USA). All other reagents were of analytical grade. 

All experiments were evaluated and approved by the Animal 

and Ethics Review Committee of Nanjing Medical University 

(Nanjing, Jiangsu Province, China).

Preparation of anti-cD22-MnPs
Iron oxide nanoparticles primarily modified by DMSA were 

supplied by Jiangsu Key Laboratory for Biomaterials and 

Devices.23 The antibodies were connected to the MNPs using 

EDC/NHS methods.24 An acylation reaction was conducted 

between the activated carboxyl groups and the amino termi-

nals of the antibodies for 24 hours. Briefly, DMSA-MNPs 

were reactive with EDC/NHS followed by addition of anti-

CD22 antibodies (mass ratio of Fe to anti-CD22 1 mg:300 

μg) with constant shaking overnight at room temperature. 

The anti-CD22-MNPs were purified using an S-300 poly-

acrylamide gel column to remove unlinked antibody. The 

eluent was collected to calculate the amount of antibody by 

Bradford assay. Meanwhile, gel stained with Coomassie 

Brilliant blue R-250 was used to visualize the protein bands 

of the anti-CD22 antibody with and without MNPs. The anti-

CD22-MNPs were then harvested by centrifugation at 3,000× 
g for 10 minutes at 4°C, and used immediately after washing 

twice with ice-cold phosphate-buffered saline (pH 7.4).

Preparation of DOX-Fe2+ complex  
and anti-cD22-MnPs-DOX
The DOX-Fe2+ complex was prepared by adding sufficient 

FeSO
4
 into a doxorubicin solution, (1.5 M excess of Fe2+ over 

doxorubicin) followed by incubation with anti-CD22-MNPs 
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in the dark for 15 minutes.25,26 KOH was added to the solu-

tion in an amount sufficient to maintain the pH at around 7.4. 

The drug-loaded MNPs were harvested by centrifugation 

at 15,000× g for 30 minutes at 4°C to remove the excess 

doxorubicin. Finally, the anti-CD22-MNPs-DOX precipitate 

was washed and dispersed with ice-cold phosphate-buffered 

saline (pH 7.4) and used immediately.

characterization of MnPs
The morphology of the nanoparticles was analyzed by transmis-

sion electron microscopy (JEM-2100; JEOL, Tokyo, Japan) 

and the hydrodynamic diameter was measured by dynamic 

light scattering (Nano ZS90; Malvern Instruments, Westbor-

ough, MA, USA). The zeta potential of these materials when 

dissolved in deionized water was determined using a Zeta Plus 

analyzer (Brookhaven Instruments, Holtsville, NY, USA).

Determination of drug loading
In this paper, we applied the DOX-Fe2+ complex by add-

ing doxorubicin into FeSO
4
 solution, as intermediates to 

connect doxorubicin to nanoparticles. It has been reported 

that the DOX-Fe2+ complex can dissolve completely within 

15 minutes in acid solution.27

For determination of drug-loading, the weighed, freeze-

dried drug-loaded MNPs were suspended in phosphate-

buffered saline (pH 5.6) at 4°C for 30 minutes to stimulate 

complete release of doxorubicin and were then harvested 

by centrifugation at 12,000× g for 30 minutes at 4°C. The 

absorbance in the supernatant was then measured at 488 nm 

using an ultraviolet-visible spectrophotometer (UV-3600; 

Shimadzu, Tokyo, Japan). The drug concentration was 

calculated using a calibration curve. Percent drug loading 

was defined as the free weight of doxorubicin over the total 

weight of anti-CD22-MNPs-DOX.

anti-cD22-MnPs-DOX drug release 
kinetics in vitro
To study the kinetics of the pH-activated nanoparticles, 

aliquots of anti-CD22-MNPs-DOX were placed in two 

dialysis membrane bags with a molecular weight cutoff of 

8,000–14,000 Da, dispersed in phosphate-buffered saline 

(pH 7.4 or pH 5.6), followed by continuous shaking at 37°C. 

The amount of supernatant in the tube was analyzed at set 

time intervals using an ultraviolet-visible spectrophotometer 

and complemented with fresh buffer for next analysis.

cell culture
A Raji (CD22-positive Burkitt lymphoma) cell line, pur-

chased from the Type Culture Collection of the Chinese 

Academy of Sciences (Shanghai, People’s Republic of 

China), was cultured in Roswell Park Memorial Institute 

1640 medium containing 10% (v/v) fetal calf serum, 

100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C 

in a 5% CO
2
 incubator and passaged every 2–3 days. Cells 

used in the experiments were in the logarithmic growth 

phase.

cell inhibition assay
The cell inhibition rate was measured by CCK-8 assay 

in vitro. In brief, Raji cells were seeded in 96-well plates 

(2×104 cells per well) and exposed to different concentra-

tions of doxorubicin solution (DOX-Sol), DOX-MNPs, 

or anti-CD22-DOX-MNPs after 4 hours. The doses of 

doxorubicin incorporated in the MNPs were equal to the 

corresponding concentration of DOX-Sol. Meanwhile, 

cells treated with Roswell Park Memorial Institute 1640 

medium alone were used as the control. After incubation 

for 24 or 48 hours, 10 μL of CCK-8 was added to each 

well, followed by incubation for a further 3–4 hours. Opti-

cal density (OD) was read at 488 nm using a microplate 

reader (Multiskan MK3; Thermo Scientific, Boston, 

MA, USA). The cell inhibition rate was calculated as: 

(1- OD
 treated cells

/OD
control cells

) ×100%. Finally, dose-effect 

curves were constructed and the 50% inhibition rates and 

half maximal inhibitory concentration (IC
50

) values were 

calculated.

apoptosis assay
First, 2×105 Raji cells were exposed to DOX-Sol, DOX-

MNPs, or anti-CD22-MNPs-DOX for 24 hours. After being 

stained with DAPI for 5 minutes and washed in phosphate-

buffered saline three times, the cells were suspended with 

500 μL of binding buffer and 5 μL of Annexin V-fluorescein 

isothiocyanate for 15 minutes. The apoptosis rates were 

then determined by FACSCalibur flow cytometry (BD 

Biosciences, San Jose, CA, USA) at excitation and emis-

sion wavelengths of 479 nm and 587 nm, respectively. The 

apoptosis rates were calculated as the sum of early apoptosis 

and late apoptosis.

Fluorescence intensity of intracellular 
doxorubicin
As described above, Raji cells were cultured, collected at a 

series of time points, and washed with phosphate-buffered 

saline three times. The fluorescence intensity (FI) of the 

intracellular doxorubicin was detected by flow cytometry 

at an excitation wavelength of 488 nm. The relative FI was 

calculated as FI
treated cells

/FI
control cells

.

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5126

sun et al

Morphology of apoptosis
First, 2×105 Raji cells were seeded in a 6-well plate for  

2 hours. DOX-Sol, MNPs-DOX, or anti-CD22-MNPs-DOX 

(containing an equal concentration of doxorubicin) was then 

added in. After incubation for 24 hours, the cells were col-

lected, washed twice with phosphate-buffered saline, and 

stained with DAPI for 5 minutes. The morphological changes 

in the nuclei were then observed by laser confocal spectral 

imaging (LSM710; Zeiss, Oberkochen, Germany).

statistical analysis
All experiments were performed in triplicate. The data are 

expressed as the mean ± standard deviation. Statistical analy-

ses were performed using Statistical Package for the Social 

Sciences software (version 19.0; IBM SPSS Statistics for 

Windows, Version 19.0) using the Student’s t-test. P,0.05 

was deemed to be statistically significant.

Results
characteristics of nanoparticles
The characteristics of MNPs and anti-CD22-MNPs-DOX 

were observed by transmission electron microscopy.  

As shown in Figure 1A, the MNPs had a quasi-spherical 

shape, with an average diameter of 7–10 nm. After modifica-

tion with the antibody and doxorubicin, the average diameter 

of the anti-CD22-MNPs-DOX increased to 13–16 nm, with 

no obvious aggregation visible (Figure 1B). The mean hydro-

dynamic size of the MNPs was about 23 nm (Figure 1C), 

while that of the anti-CD22-MNPs-DOX was nearly 150 nm. 

This is due to the modification of doxorubicin and antibodies, 

and neither could be seen under transmission electron micros-

copy. Only the iron cores were captured, which explains why 

there is no significant difference between Figure 1A and B.  

The zeta potential of the MNPs, DOX-MNPs, and anti-

CD22-MNPs-DOX was -24.8±3.6 mV, -15.7±2.9 mV, 

and -16.3±1.9 mV, respectively. There was also no sig-

nificant difference in the zeta potential between anti-CD22-

MNPs and anti-CD22-MNPs-DOX (P.0.05).

To allow sufficient doxorubicin to combine with the 

nanoparticles, the DOX-Fe2+ complex was applied as an 

intermediate to the surface of MNPs according to a previ-

ous study27 and the mass ratio of the DOX-Fe2+ complex and 

the MNPs with and without the antibody ranged from 10% 

to 100%. The drug loading percentage is shown in Table 1.  

Figure 1 characteristics of DMsa-MnPs (A), anti-cD22-MnPs-DOX (B), and particle size distribution (C) under electron microscopy.
Abbreviations: ab, antibody; DMsa, dimercaptosuccinic acid; DOX, doxorubicin; MnPs, magnetic nanoparticles.
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The increased drug loading was accompanied by an increase 

DOX-Fe2+ complex. The loading efficiency peaked when the 

added complex ratio was 20%, and this may have been attrib-

utable to the changes in surface potentials properties (data 

not shown). Based on the results for percent drug loading, a 

mass ratio of 20% was chosen to achieve maximum usage 

of doxorubicin in the following experiments.

Release of doxorubicin from the anti-CD22-MNPs  

in vitro was described for pH 5.6 and pH 7.4 at 37°C 

(Figure 2). Doxorubicin was released in the first 30 minutes 

at pH 5.6, with cumulative drug release reaching nearly 80% 

in 4 hours, followed by a plateau; at pH 7.4, drug release was 

stable and sustained for up to 48 hours.

The results of the Bradford assay showed that approxi-

mately 74% of the antibody was linked to the MNP surface, 

and this was also demonstrated by Coomassie Brilliant blue 

staining (Figure 3), indicating that the anti-CD22 antibody 

was successfully linked to the MNPs.

antiproliferative activity
The MNPs alone had no obvious cytotoxic effect on Raji 

cells after treatment for 48 hours (Figure 4A); even the cell 

inhibition rate was still less than 5% when the concentration 

of MNPs was no more than 12.5 mg/L. After exposure to 

DOX-Sol, DOX-MNPs, or anti-CD22-MNPs-DOX for 24 or 

48 hours, cell inhibition rates increased in a dose-dependent 

manner in all three groups (Figure 4B and C). The antipro-

liferative effects of chemotherapeutic drugs on tumor cells 

also occurred in a time-dependent manner. Briefly, when 

dealt with the same drug, the longer incubation time was, the 

higher the inhibition rate was, and the lower IC
50

 value was 

determined. It can be seen in Table 2 that the IC
50

 values at 

48 hours are markedly lower than those at 24 hours, and that 

the IC
50

 values for anti-CD22-MNPs-DOX are significantly 

lower than those for DOX-Sol or MNPs-DOX (Table 2).

Apoptosis rate determined by flow 
cytometry
Apoptosis in Raji cells was 28.01%±2.39% for DOX-Sol, 

10.97%±0.99% for DOX-MNPs, and 31.57%±4.27% for anti-

CD22-MNPs-DOX (Figure 5), suggesting that the antiprolif-

erative effect of anti-CD22-MNPs-DOX and DOX-Sol was 

significantly higher than that of DOX-MNPs (P,0.05).

increased uptake of anti-cD22-MnPs-
DOX in raji cells
The FI of intracellular doxorubicin (as shown in Figure 6A) was 

determined by flow cytometry at 488 nm owing to the autofluo-

rescence feature of doxorubicin, and the relative FI is shown 

in Figure 6B. The FI of intracellular doxorubicin in Raji cells 

increased in a time-dependent manner in all groups. Relative 

FI was much higher in the anti-CD22-MNPs-DOX group than 

in the DOX-MNPs and DOX-Sol group (P,0.05), suggesting 

that lymphoma targeting in CD22-overexpressing cells was 

improved by addition of anti-CD22 antibody to the MNPs. 

The FI of intracellular doxorubicin was also investigated in 

a CD22-negative leukemia T-cell (Jurkat) line. As described 

above, Jurkat cells were cultured with DOX-Sol, DOX-MNPs, 

and anti-CD22-MNPs-DOX for 6 hours and washed with 

phosphate-buffered saline three times; the relative FI (Figure 7) 

was 4.12±0.37, 4.53±0.29, and 4.85±0.66, respectively, with 

no significant increase in cellular uptake of doxorubicin seen 

in any of the treatment groups (P.0.05). Therefore, no anti-

proliferative studies were done using Jurkat cells.

The fluorescence of the doxorubicin-loaded nanopar-

ticles when taken up by Raji cells was also visualized by 

laser confocal spectral imaging (Figure 8). The intracellular 

Table 1 Doxorubicin loading in anti-cD22-MnPs-DOX nano-
particles (mean ± standard deviation, n=3)

DOX-MNPs (% w/w) Drug loading (% w/w)

10 8.93±1.91
20 17.43±2.85
100 12.47±2.05

Abbreviations: DOX, doxorubicin; MnPs, magnetic nanoparticles.

Figure 2 in vitro release of doxorubicin from anti-cD22-MnPs-DOX.
Notes: The drug release rate at pH 5.6 is significantly different from that at 
normal ph. and P values from statistics of the same line were ,0.05.
Abbreviations: DOX, doxorubicin; MnPs, magnetic nanoparticles.

Figure 3 Protein bands of anti-cD22 with and without MnPs-DOX stained by 
coomassie Brilliant blue r250.
Abbreviations: DOX, doxorubicin; MnPs, magnetic nanoparticles.
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intensity of doxorubicin in the DOX-Sol group was seen 

mainly in the cytoplasm, with very little accumulation in 

cell nuclei. In contrast, an increase in doxorubicin intensity 

was evident in the nuclei (white arrows) of cells treated 

with anti-CD22-MNPs-DOX. Typical nuclear features of 

apoptosis (green arrows), such as chromatin condensation, 

fragmentation, and apoptotic bodies, could be seen easily in 

cells treated with anti-CD22-MNPs-DOX. These findings 

strongly suggest that our novel anti-CD22-MNPs-DOX for-

mulation can improve the delivery of chemotherapeutic drugs 

to lymphoma cells and reinforce their antitumor effects.

Discussion
Characterized by morphology (M), immunology (I), cytoge-

netic (C) and molecular (M), NHL can be divided into several 

series,2 and due to the use of related short-term and intensive 

chemotherapy the outcomes of patients with NHL have 

been improved considerably. Further, short-term intensive 

chemotherapy has significantly increased overall survival in 

children and adolescents with NHL.28,29

For over 50 years, doxorubicin, a member of the CHOP 

regimen, has played an important role in the curative treat-

ment of NHL. Doxorubicin exerts its antitumor effect by 

interfering with DNA, producing active oxygen radicals, 

and inducing apoptosis. In order to achieve better anticancer 

efficacy, high doses of doxorubicin were used in clinical 

trials, but resulted in serious side effects, including oral 

ulceration, cardiotoxicity, and myelosuppression. Therefore, 

much research interest has focused on how to improve tumor 

targeting while minimizing systemic side effects.

Figure 4 cytotoxicity of MnPs (A), doxorubicin, DOX-MnPs, and anti-cD22-MnPs-DOX on raji cells for 24 hours (B) and 48 hours (C) as determined by cell counting 
Kit-8 assay.
Abbreviations: DOX, doxorubicin; MnPs, magnetic nanoparticles; sol, solution.

Table 2 ic50 values for DOX-sol, DOX-MnPs, and anti-cD22-
MnPs-DOX at 24 and 48 hours (mean ± standard deviation, n=3)

IC50 DOX (nM) DOX-MNPs 
(nM)

Anti-CD22-MNPs-DOX  
(nM)

24 hours 339.23±23.33 495.21±30.04 156.32±28.78
48 hours 172.72±12.35 189.37±16.85 118.93±13.87

Abbreviations: DOX, doxorubicin; MnPs, magnetic nanoparticles; ic50, half 
maximal inhibitory concentration; DOX-sol, doxorubicin solution.

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5129

DOX-loaded anti-cD22-labelled drug delivery nanosystems

Nanoparticle drug delivery systems are now a hot research 

topic because of their unique characteristics. MNPs have been 

widely studied and shown to be excellent contrast agents for 

early cancer diagnosis and targeted drug delivery.30–32 Our 

previous studies have demonstrated the antitumor mechanisms 

of drugs combined with MNPs exerted cytotoxic effects by 

inducing apoptosis.21,22 In this work, we synthesized a novel 

pH-dependent nanoparticle delivery system in which iron 

oxide cores are modified by DMSA to improve the nanopar-

ticles aqueous dispersion. The hydrophilic surface of DMSA-

MNPs also produces enough free carboxyl groups for further 

conjugation. It has been demonstrated the liposomal DOX used 

in the CHOP regimen achieves a 75% complete response rate. 

Further, PEGylated liposomal doxorubicin, when incorporated 

into the Rituximab plus CHOP (R-CHOP) regimen, had a com-

plete release rate of 59% in elderly patients being treated for 

diffuse large B-cell lymphoma;33 the liposome-encapsulated 

doxorubicin had an average diameter of 100 nm and showed 

excellent targeting, reduced cardiotoxicity, and increased drug 

concentrations in the targeted organs. In our present work, the 

average hydrodynamic diameter of anti-CD22-MNPs-DOX 

was 158±9.67 nm on dynamic light scattering analysis, which 

Figure 5 Apoptosis rates of Raji cells for 24 hours by flow cytometry.
Abbreviations: DaPi, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; DOX, doxorubicin; MNPs, magnetic nanoparticles; Sol, solution; Comp, compound.
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Figure 6 intracellular accumulation of doxorubicin in raji cells cultured with the different study formulations for various periods of time. The Fi of intracellular doxorubicin 
(A) was determined by flow cytometry at 488 nm owing to the autofluo rescence feature of doxorubicin, and the relative FI is shown in (B).
Abbreviations: DOX, doxorubicin; MNPs, magnetic nanoparticles; RFI, relative fluorescent intensity; Sol, solution.

Figure 7 intracellular accumulation of doxorubicin in Jurkat cells cultured with the different study formulations for 6 hours. X= the average rFi of doxorubicin in Jurkat cells.
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was larger than that seen on transmission electron microscopy, 

and the zeta potential in water was -16.3±1.9 mV. Thus, we 

infer that the suitable size (,200 nm) of anti-CD22-MNPs-

DOX grants it without being swallowed by reticular endothe-

lial system or rapid renal excretion, thus allowing enough 

doxorubicin being taken by tumor cells through the enhancing 

the effect of permeation and retention.34

Compared with the report by Munnier et al25 our formu-

lation has a higher drug-loading ratio, in which the chemo-

of-COOH groups in DMSA allow more combination sites 

for doxorubicin. Importantly, our present synthesis method 

does not rely on mechanical absorption, but chemical bound 

between surface connections, thus a stable sustained release 

over a prolonged period time within 48 hours can be seen at 

normalized pH situation in our present study. It has been doc-

umented that the pH of blood and normal tissue is neutral,35,36 

which strictly restricts the release of DOX-Fe2+ in our formu-

lation. Interestingly, once the pH decreased to 5.6, the DOX-

Fe2+ complex was completely dissociated within 15 minutes, 

which may be the reason why such rapid drug release was seen 

in the first 2 hours. According to another original research 

paper,37 Fe2+ is bound to doxorubicin via the {C (11)-O-;  

C (12)=O} chelating site, and the DOX-Fe2+ complex could 

be separated if surrounded by redundant H+ ions. When H+ 

ions were added into solution, the DOX-Fe2+ complex dis-

sociated in just a few minutes. Since the relatively low pH in 

tumors inter-environment stimulates release of doxorubicin, 

pH-dependent anti-CD22-MNPs-DOX may be useful in the 

treatment of patients with NHL.

It is noteworthy that the antiproliferative effect of our 

novel anti-CD22-MNPs-DOX formulation is significantly 

higher than that of DOX-Sol or DOX-MNPs in terms of 

inhibition rate and apoptosis rate. The data in Figure 2 

indicate that only about 80% of the loaded doxorubicin was 

released by 48 hours, owing to the sustained-release action 

of this formulation. This might provide an explanation for 

the comparatively low antitumor efficacy of DOX-MNPs. 

When anti-CD22 antibodies are linked to MNPs, they are 

taken up rapidly by cells with high CD22 expression, which 

significantly improves tumor-targeting efficiency. Further, 

Figure 8 Morphological characterization of raji cells by laser confocal spectral imaging (200×, DAPI). The signification of arrows shows the increased uptake of anti-cD22-
MnPs-DOX in Raji cells. With the green arrows indicating the nuclei with blue fluorescence and white arrows indicate the cytoplasm with red fluorescence.
Abbreviations: DaPi, 4,6-diamidino-2-phenylindole; DOX, doxorubicin; MnPs, magnetic nanoparticles; sol, solution.
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no obvious toxicity was seen in Raji cells, even when the 

MNP concentration was increased to rather high levels, 

suggesting that MNPs may be a safe drug delivery system. 

Our present findings suggest that this novel pH-dependent 

formulation is an effective drug delivery system for systemic 

administration.

Conclusion
The results of this study demonstrate that anti-CD22-MNPs-

DOX has good aqueous dispersion properties, an appropri-

ate hydrodynamic size, and efficient drug-loading ability, 

enables rapid drug release in an acidic environment, and has 

excellent antitumor efficiency. This novel formulation is a 

promising systemic chemotherapy for NHL and might be 

expanded for treatment of other cancers. Further research is 

needed to determine the antitumor effects and pharmacoki-

netics of this formulation in vivo, and the mechanism by 

which it induces apoptosis.
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